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Abstract
A proper risk assessment is part of mining proj-
ects from early stages to mine closure. Publicly 
companies present these assessments for exam-
ple, in their Environmental Impact Assessment 
(EIA) reports. Potential risks related to water cir-
culation can be investigated using groundwater 
flow modelling. In the present study, series of 
simple to more complex 3D geological models 
(GMs) were constructed from a Sakatti Ni-Cu-
PGE deposit area in Sodankylä, northern Finn-
ish Lapland to produce a numerical groundwater 
model. The 3D GMs were constructed utilizing 
data from outcrop investigations, various types 
of drillings and data obtained from non-destruc-
tive ground penetrating radar (GPR) soundings. 
In order to shed light on regional glacial history 
of central Finnish Lapland, outcrop studies, the 
existing till stratigraphy (GTK database) and Li-
DAR DEM imageries were used to investigate 
the sedimentary succession, interpret the deposi-
tional environments and reconstruct the Weich-
selian glacial flow patterns.
The results of this study indicate that complex 
and detailed geological models are beneficial, es-
pecially in areas with a high hydraulic gradient, 
multiple units with differing hydraulic conductiv-
ity, and altered upper bedrock zone with variable 
degrees of weathering. Furthermore, it is essen-
tial to identify low conductive units, such as in-
terbedded fine-grained till units, as well as high 
conductivity units such as fractures and faults, 
since they affect the location of recharge and dis-
charge areas in hydrostratigraphic flow models.
The 3D GMs constructed for the Sodankylä 
study area illustrate that altered bedrock, includ-
ing fractured bedrock as well as grus- and clay-
type weathered bedrock, is a prominent feature 
of the study area. The results of this study for 
example, indicate that fractured bedrock is more 
than 50 metres thick at the bend of the River 
Kitinen, while the grus-type weathered unit is on 
average 6 metres thick and the clay-type weath-
ered unit 2.5 metres thick. Weak glacial erosion 
in the study area has enabled the preservation of 
Quaternary sediments spanning from pre-Weich-
selian, (most likely Saalian), to the Holocene. 
The thickness of the Quaternary deposits is vari-
able, with an average thickness of approximately 
8 metres. The Quaternary deposits consist of at 
least three separate till units and four interbedded 
sorted units. The Early Weichselian (MIS 5b) till 
unit is the most widespread and laterally continu-
ous till unit in the area. The glacial lineations re-
flect pre-Late Weichselian glacial flow directions 
rather than rather than subglacially formed ice 
flow lineations formed during the Late Weich-
selian. During the Middle Weichselian stadial 
(MIS 4), the glacier flowed from N/NNE and 
had an overall weak impact on sedimentation, 
leaving sparse and thin remains of glacial till. 
The Late Weichselian glaciation (MIS 2) depos-
ited a thin till cover, which was partly eroded 
by fluvial processes during the last deglaciation. 
Flow direction analysis of the till clast fabric sug-
gests a northern location for the ice-divide zone 
during the Early and Middle Weichselian, and a 
more W/SW ice-divide position during the Late 
Weichselian. The optically stimulated lumines-
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cence (OSL) age determination suggests ice-free 
areas in the vicinity of the River Kitinen valley 
already during the Bølling–Allerød warm period, 
indicating that ice had retreated from the area at 
that time patchy ice cover or rapid deglaciation.
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Tiivistelmä (in Finnish)
Laaja riskinarvio on oleellinen osa kaivos-
projektia sen eri vaiheissa, malminetsinnästä 
kaivoksen sulkemiseen. Kaivostoiminnan 
veden kiertoon ja pohjavesisysteemeihin 
liittyvät ympäristöriskit ovat merkittäviä. Näihin 
kohdistuvia riskejä voidaan tutkia pohjaveden 
virtausmallinnuksen avulla. Nämä pohjaveden 
virtausmallit pohjautuvat tutkimusalueelta 
tuotettuun 3D-geologiseen malliin. 
Tässä väitöskirjatyössä tutkittiin 
jäätiköitymishistoriaa Sodankylässä sijaitsevan 
Sakatin Cu-Ni-PGE-esiintymän alueella sekä 
tuotettiin tutkimusalueelta 3D-geologinen 
malli numeeristen pohjaveden virtausmallien 
pohjaksi. Tutkimusaineisto koostui kattavasta 
maatutka-aineistosta, leikkaushavainnosta, 
OSL-ajoituksista sekä alueen LiDAR-
korkeusmalleista. Lisäksi hyödynnettiin 
aiemmin julkaistua monipuolista kairaus- ja 
leikkaushavaintoaineistoa.
Yksinkertaisuusperiaatteen mukaisesti 
yksinkertaisin malli on todennäköisimmin 
toimiva havaintojen lisääntyessäkin. Tämä 
tutkimus kuitenkin osoitti, että monimutkaiset 
ja yksityiskohtaiset geologiset mallit 
ovat hyödyllisiä erityisesti alueilla, joilla 
on suuri hydraulinen gradientti, useita 
vedenjohtavuusominaisuuksiltaan vaihtelevia 
sedimenttiyksiköitä ja eriasteisesti rapautunutta 
sekä rakoillutta kalliota. Tämän lisäksi on olen-
naista tunnistaa matalan vedenjohtavuuden 
yksiköt kuten hienoainesmoreenit sekä vet-
tä hyvin johtavat raot ja siirrokset, jotka 
vaikuttavat pohjaveden muodostumis- ja 
purkautumisalueiden sijainteihin hydro-
stratigrafisissa virtausmalleissa.
Sodankylän tutkimusalueelta tuotetut geo-
logiset 3D-mallit osoittavat rapautuneen ja 
rakoilleen kallion ylimmän vyöhykkeen olevan 
merkittävä piirre tutkimusalueella. Rakoilleen 
kallion ylin vyöhyke yltää paksuimmillaan 
yli 50 metrin syvyyteen; grus-tyypin ra-
paumaa on keskimäärin 6 metriä ja savisen 
rapauman keskipaksuus on 2,5 metriä. Heikko 
jäätikkökulutus on mahdollistanut myöhäis-
Veikseliä edeltävien kvartäärisedimenttien 
säilymisen, mahdollisesti jopa Saale-jää-
tiköitymisen ajalta. Kvartäärikerrostumien 
paksuus tutkimusalueella on keskimäärin 8 
metriä. Alueen klastisista kvartäärikerrostumista 
voidaan erottaa kolme erillistä moreeniyksikköä 
ja neljä lajittuneen sedimentin yksikköä. Jatkuvin 
ja paksuin moreeniyksikkö on korreloitu Varhais-
Veikseliin (MIS 5b). Keski-Veikselin (MIS 4) 
jäätiköitymiseen liitetty moreeni on puolestaan 
hyvin ohut ja pienialainen. Myöhäis-Veikselin 
jäätiköityminen (MIS 2) kerrosti melko 
ohuen moreenipeitteen, joka erodoitui osittain 
jokitoiminnan vaikutuksesta deglasiaation 
aikana. 
Tutkimusalueen jäätikkösyntyisten 
muodostumien suuntaus on yhteneväinen 
moreenin suuntauslaskuista havaitun varhais-
Veikselin jäätikön virtaussuunnan kanssa. Keski-
Veikselin jäätiköitymisellä puolestaan vaikuttaa 
olleen heikko vaikutus alueen sedimentaatioon. 
Jäätikön virtaussuunta-analyysi moreenien 
suuntauslaskuista osoitti pohjoista–luoteista 
sijaintia jäänjakajalle varhais- tai keski-Veikselin 
aikana ja läntistä sijaintia myöhäis-Veikselin 
aikana. Eolisista sedimenteistä saatu OSL-
ikämääritys viittaa alueen olleen ainakin osittain 
jäätön jo Bølling-Allerød -vaiheessa.
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1. Introduction
Relict landscapes, including tors, rounded insel-
bergs, and the weathering crust in the area ex-
tending from northern Sweden to northern Fin-
land shows clear evidence of weak glacial ero-
sion prior to and during the Pleistocene glacia-
tions; the deep weathered crust dates back at 
least to Paleogene and Neogene (Hirvas, 1991; 
Ebert et al., 2015). Studies on glacial history of 
the area dates back to early 1900s and have con-
tinued ever since to reveal the Quaternary stra-
tigraphy, glacial history and more recently the 
dynamic history of the Scandinavian Ice Sheet 
during the Weichselian and also during the pre-
vious glacial stages (Paper II; Tanner, 1915; Ku-
jansuu, 1967; Hirvas, 1991; Olsen et al., 1996; 
Helmens et al., 2000; Hättestrand & Roberts-
son, 2010; Helmens, 2014; Salonen et al., 2014b; 
Lunkka et al., 2015; Howett et al., 2015; Hel-
mens, et al., 2018). As early as in the 1930s, Tan-
ner (1930) concluded on the basis of sedimento-
logical succession and till-covered glaciofluvial 
deposits that instead of one permanent ice cov-
er, Finland was ice-free at least once during the 
last ice age. Later, the development of the op-
tically stimulated luminescence (OSL) method 
enabled the dating of quartz-bearing sorted de-
posits, which suggested the existence of several 
stadials and interstadials during the Weichselian 
(e.g. Hättestrand & Robertsson, 2010; Salonen 
et al., 2014b; Lunkka et al., 2015).
The relative weak glacial erosion area coin-
cides with the Central Lapland Greenstone Belt 
(CLGB) that has been the subject of intensive 
investigation during the last decades as a con-
sequence of the ore potential of (Eilu, 2012). 
Furthermore, the sustainable use of raw mate-
rials currently has a major role in the mineral 
strategy of Finland, including the reduction and 
prevention of environmental hazards (Mineraa-
listrategia, http://projects.gtk.fi/mineraalistrate-
gia/index.html [in Finnsh]). At the same time, 
the increasing demand for raw materials has 
led to the pressure to use raw materials that lie 
in/under natural conservation areas, such as the 
Sakatti Cu–Ni–PGE deposit (Brownscombe et 
al., 2015), or close to conservation areas, such as 
the Hannukainen Fe–Cu–Au deposit (Niiranen et 
al., 2007). Typically, the potential environmental 
risks are related to the hydrology and hydroge-
ology of planned mining sites (e.g. Gray, 1997; 
Kauppi et al., 2013; Salonen et al., 2014a; Åberg 
et al., 2019).
General concern of sustainable practices in 
mining operations has raised interest to under-
stand the water cycle of possible mining sites pri-
or to the start of mining operations (Salonen et al., 
2014a; Rautio et al., 2018; Åberg et al., 2019). 
The water cycle can be assessed using a numeri-
cal groundwater flow model. In order to gener-
ate a reliable groundwater model requires under-
standing of the subsurface structures, which can 
be visualized with a 3D geological model (GM). 
The input data for a 3D GM can vary depending 
on the study site, typically consisting of data ac-
quired from drillings, outcrop surveys and geo-
physical data. The area of interest may lie in an 
area where a dense drilling network is difficult to 
carry out. These type of areas are, for example, 
located adjacent to conservation areas or in an 
area where sediment overburden above the bed-
rock is thick. However, the lack of drilling data, 
for example, in the areas of thick Quaternary de-
posits can be compensated using non-destructive 
methods, such as ground penetrating radar (GPR) 
survey to obtain data for GM models.
Sakatti Ni-Cu-PGE deposit area in Sodan-
kylä, northern Finnish Lapland within the CLGB 
is a target area for an intensive exploration pro-
gram. At the same time, there is an urgent need 
for a better estimate of possible environmental 
hazards caused by mining activities (Salonen 
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et al., 2014a; Rautio et al., 2018; Åberg et al., 
2019). This is true especially in the areas cov-
ered by nature conservations programs (Natura 
2000) as is the case in the study area discussed 
here. This study produces information for the En-
vironmental Impact Assessment (EIA) process 
and decision making based on a set of geological 
and hydrogeological baseline data from Sakatti 
exploration area along the River Kitinen. The 
main objectives of this study are:
• To create a 3D model of Quaternary sedi-
ments by combining all existing observations 
with new drilling data, targeted GPR sound-
ings and LiDAR-DEM imageries 
• To reconstruct the Weichselian glacial his-
tory and sediment succession in Sodankylä 
area and to interpret the local depositional 
environments
• To synthesize the Weichselian ice-flow pat-
terns in Central Finnish Lapland and to com-
pare the flow directions derived from the 
streamlined features with those from the till 
clast fabric analyses
• To evaluate the efficiency of increasing GM 
complexity to groundwater flow model per-
formance in hydrostratigraphically hetero-
genic environment
A detailed 3D GM was constructed with the 3D 
modelling software Leapfrog Geo (Seequent 
Ltd.) for the area hosting the Sakatti Cu-Ni-PGE 
deposit (Paper I). The 3D GM presented in this 
study formed the basis for a groundwater flow 
model (Paper III and Åberg S. et al., in prep.) 
and sheds light on the complex glacial history 
of the Sodankylä area. The input data for the 3D 
GM consisted of outcrop studies, drillings (dia-
mond drilling, auger drilling, vibration drilling), 
“Targeting till geochemistry” dataset and non-
destructive GPR data acquisition. For a more 
regional view of the glacial history of central 
Finnish Lapland, outcrop studies, existing till 
stratigraphy (GTK database) and LiDAR-DEM 
imageries were used to investigate the sedimen-
tary succession, interpret the depositional envi-
ronments and reconstruct the glacial flow pat-
terns during the Weichselian (Paper II).
2. Study area and 
geological setting
The study area is located in Sodankylä in north-
ern Finnish Lapland, along the River Kitinen 
(Fig. 1). The topography is undulating, and con-
sist of mire-covered river valleys and inselbergs 
that rise above the flat topography. The highest 
inselbergs reach altitudes of 410 metres above 
sea level (m a.s.l.), rising 10–160 metres from 
the flat-lying area. The altitude of the river val-
leys varies from 158 to 220 m a.s.l. The four 
largest rivers that cross the study area are the 
River Jeesiöjoki crossing the Kittilä and Sodan-
kylä area, the River Kitinen and the River Sat-
tanen in the Sodankylä area and the River Luiro 
in the Salla area (Fig. 1). Peatlands are abundant 
at lower altitudes. The two largest peat land ar-
eas are the Viiankiaapa mire on the eastern side 
and the Vanttioaapa mire on the western side of 
the River Kitinen (Fig. 1). The southern part of 
the study area is covered by smaller peat lands, 
including Eliasaapa south to Kuusivaara and Ko-
tiaapa in the SW corner of the study area. The 
Sakatti Ni-Cu-PGE deposit was discovered be-
neath the Viiankiaapa mire (Brownscombe et al., 
2015), which has been a nature conservation area 
since 1988 and belongs to the European Union’s 
Natura 2000 network (Hjelt & Pääkkö, 2006). 
The mire covers an area of 5385 ha (Lappalai-
nen, 2004). According to field studies conduct-
ed in 1965, the peat deposit is 2.3 metres thick 
on average, and 5.7 metres thick in its deepest 
part (GTK, unpublished data). Over the half of 
the mire consists of mesotrophic patterned fens 
and one quarter is composed of tree-covered 
17
Figure 1. Study area in central Finnish Lapland. A) Location of areas for till clast fabric and glacial lineation analyses 
(LiDAR inspection). The Kittilä, Sodankylä and Salla areas in central Finnish Lapland and corresponding ice lobe and 
interlobe areas (Paper II). B) The studied sections and the 3D modelled areas, GM0–GM4. Administrative borders of 
Norway, Russia and Sweden: www.gadm.org (visited 4/2017). Basemap elements are modified after National Land 
Survey of Finland. Deep weathering zone, tor field and Parkajoki area are modified after Ebert et al. (2015). Ice divide is 
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pine and spruce mires (Hjelt & Pääkkö, 2006). 
Several protected moss species, such as Ham-
atocaulis vernicosus, Hamatocaulis lapponicus, 
Meesia longiseta (Ramboll, 2020), Palustriella 
falcata, Palustriella decipiens and Catoscopium 
nigritum, as well as endangered vascular plants 
such as Saxifraga hirculus and Carex heleonas-
tes grow in the Viiankiaapa mire (Hjelt & Pääk-
kö, 2006).
The bedrock of the study area belongs to the 
Palaeoproterozoic CLGB (Hanski et al., 2001; 
Hanski & Huhma, 2005; Niiranen et al., 2015). 
The CLGB overlies Archean basement rocks 
and is confined by the Central Lapland Gran-
itoid Complex (Hanski et al., 2001; Hanski & 
Huhma, 2005; Niiranen et al., 2015) (Fig. 2A). 
In the study area, the CLGB consists of gabbros, 
mafic volcanic rocks and metamorphosed sedi-
mentary rocks (Tyrväinen, 1980, 1983; GTK, 
2018). The most prominent faults in the Sodan-
kylä area follow the lithological contacts striking 
mostly W–E (Fig. 2A, GM2020 area). The main 
W–E-oriented fault zones are cut by NW–SE-
oriented fractures.
The solid crystalline bedrock is covered by 
altered bedrock including fractured bedrock as 
well as grus- and clay-type weathered bedrock 
(saprolite), which is an abundant feature in cen-
tral Lapland (Hirvas, 1991; Hall et al., 2015). 
Bedrock alteration is gradual where fractures 
(i.e. faults and joints), their spacing and chemi-
cal weathering stage increases upward to the bed-
rock surface. The thickness and type of chemical 
weathering varies within the study area (Rask & 
Lintinen, 2001; Hall et al., 2015) as well as the 
proportion between the chemical and physical 
weathering. In general, the chemically weath-
ered saprolite is thicker in the greenstone and 
shear zone areas, where it can be over 20 me-
tres thick (Hall et al., 2015). Tripartite weather-
ing consists of chemically altered clay-rich ka-
olinitic weathered zone underlain first by a sand-
like grus weathering zone and a more compact 
saprock occurs at the base. Bipartite weather-
ing consists of less chemically altered grus and 
saprock. Of these, bipartite weathering is more 
widespread in the peneplain area of Sodankylä 
(Lestinen, 1980). An exceptional thick clay 
weathering crust (20–50 m) has been observed 
in Siurunmaa in the Sodankylä area (Hall et al., 
2015) (Fig. 1).
Central Finnish Lapland lies in the central 
part of an area affected by weak glacial erosion 
(Hirvas, 1991; Ebert et al., 2015). The Scandina-
vian Ice Sheet (SIS) has covered the area several 
times during the Pleistocene (e.g. Hirvas, 1991; 
Aalto et al., 1992; Svendsen et al., 2004; Batch-
elor et al., 2019) and as a consequence, the area is 
covered by tills deposited during multiple glacial 
events. The till covered-landscape is dissected by 
glaciofluvial, fluvial and aeolian deposits, which 
are abundant in river valleys. Peat accumulation 
in the flat-lying peneplains started after the last 
deglaciation (Johansson & Kujansuu, 2005) ca. 
10 ka BP (Suonperä, 2016).
Based on subglacial lineation patterns de-
duced from the LiDAR-DEM imageries, Putki-
nen et al. (2017) recognized two different ice-
stream lobes in central Finnish Lapland; the 
Kuusamo ice-stream lobe to the west of Sodan-
kylä and the Salla ice-stream lobe to the east of 
the Sodankylä region (Fig. 1A). The northern-
most branch of the Kuusamo ice-stream lobe is 
located in the Kittilä area, and it is, therefore, 
referred as the Kittilä lobe in this study. The So-
dankylä region is almost void of subglacial lin-
eation forms and therefore, it is referred here as 
the Sodankylä interlobate area. The analysis of 
the LiDAR-DEM imageries on glacial landforms 
shows that, glacial lineations, including drumlins 
and drumlinoids, are common in the Salla and 
Kittilä areas, whereas in the Sodankylä area, gla-
cial lineations are rare. The LiDAR-DEM imag-
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Figure 2. Geological setting of the study area. For the location, see Fig. 1A. A) Bedrock map of the study area. B) 
Quaternary deposits of the study area. Bedrock of Finland (scale free), structural lines (scale free), and superficial 
deposits 1: 200 000: © Geological Survey of Finland, used with permission.
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southern parts of the Sodankylä and Salla areas.
Glaciofluvial sorted deposits in the study ar-
ea include eskers and outwash plains. The latter 
are often located upstream of converging river 
channels and have been dissected by recent riv-
er channels. Outwash plains are most prominent 
in the Sodankylä area along the rivers Kitinen 
and Sattanen, outwash plains also exists in the 
Kittilä and Salla areas along the rivers Jeesiö-
joki and Luiro. Eskers are common in central 
Finnish Lapland, but they are rare in the Sodan-
kylä interlobate area. In central Finnish Lapland 
there are two, often till-covered esker systems. 
One system, where the esker ridges, composed 
of coarse material, are oriented NW–SE and an-
other esker system where the esker ridges are 
oriented N–S (Johansson, 1995). Of these two 
esker systems, the one oriented NW–SE is con-
sidered to be an older system compared to the 
N–S oriented system (Sutinen, 1992; Johansson, 
1995). Moreover, in the eastern part of the Salla 
area is an esker system consisting of discontin-
uous ridges that have been interpreted to rep-
resent the youngest meltwater system, indicat-
ing glacial retreat towards the NW (Johansson, 
1995; Johansson & Kujansuu, 2005). Previous 
studies have indicated that till-covered glacio-
fluvial interstadial deposits are common within 
the study area, especially in Sodankylä (Sarala 
et al., 2015). OSL dating results of till-covered 
glaciofluvial deposits suggest that they formed 
during during one of the Early Weichselian in-
terstadials (Sarala et al., 2015).
Aeolian deposits exist in the River Kitinen 
valley at Sodankylä, where dune fields have de-
posited on the flat-lying areas (Räisänen, 2014; 
Sarala et al., 2015). According to the LiDAR-
DEM interpretation of the aeolian landforms, the 
prevailing wind direction has been from the west 
during their formation. Similarly, in the Kittilä 
and Salla areas, aeolian deposits are located in 
river valleys.
Lacustrine deposits in the study area were 
laid down to the Moskujärvi Ice Lake, which oc-
cupied the area at the transition from the Weich-
selian to the Holocene and during the Ancylus 
Lake phase of the Baltic Sea (Johansson & Ku-
jansuu, 2005). The lacustrine Moskujärvi Ice 
Lake sediments lie on the eastern side of the 
study area below 207 m a.s.l., while lacustrine 
sediments deposited into the Ancylus Lake occur 
at lower elevations than 186 m a.s.l. (Johansson 
& Kujansuu, 2005), mainly underlying the Viian-
kiaapa mire (Pääkkö, 2004; Suonperä, 2016) and 
other low-lying mire areas.
Peat is the most abundant organic sediment in 
the study area. There are also few sites where or-
ganic sediments (such as gyttja) have been found 
beneath till (cf. Hirvas, 1991). These sites are lo-
cated in the mire areas e.g. Viiankiaapa, Posto-
aapa and Paloseljänoja, and considered to have 
been deposited during the Eem interglacial (Hir-
vas, 1991) (Fig. 1).
3. Materials and methods
3.1. GIS databases (Papers I, II & III)
All available information on Quaternary de-
posits, the bedrock surface and weathered bed-
rock was collected from the River Kitinen val-
ley (X: 482000–500000, Y: 7480000–7500000; 
EUREF_FIN_TM35FIN; E: 26° 34,779’–27° 
0,000’, N: 67° 26,135’–67° 36,932’; WGS84) 
for 3D modelling (study area indicated in Fig. 
2, Table 1). The information sources included 
public databases: the Hakku service of the Geo-
logical Survey of Finland (available at https://
hakku.gtk.fi/) and Avoin tieto of Finnish Envi-
ronmental Institute (SYKE, http://www.syke.fi/
fi-FI/Avoin_tieto/Ymparistotietojarjestelmat [in 
Finnish]). Additional GIS databases were com-






Profiles Source Paper I Paper II Paper III
Auger drillings 22 60 22 Leskelä, 1971 x x
Auger drillings 12 20 12 Salminen, 1972 x x
Bedrock observations 415 415 - GTK Hakku x
BOT observations 
2005–2012





4449 4449 - AA Sakatti mining Oy, 
unpublished
x
Detailed till geochemistry 809 1026 87 GTK Hakku x
Eskers 168 - - Superficial deposits data-
base, GTK Hakku
x
Eskers 8 - - Paper II x
Glacial lineations 435 - - Superficial deposits 
database, GTK Hakku 
x
Glacial lineations 130 - - Paper II x
Groundwater wells ELY 10 47 10 ELY centre, unpublished x





38 38 1 Avoin tieto, Hertta² x
Groundwater wells 
Moskuvaara
12 27 12 Lapin ELY-keskus x
Groundwater wells 
Sakatti
13 143 13 AA Sakatti mining Oy, 
unpublished
x
National drill core 
archive 
1979–1996³
36 36 - GTK Hakku x
Overburden thickness 
2006–2016³





111 111 - AA Sakatti mining Oy, 
unpublished
x
Peat investigations 1965 311 311 - Lappalainen, 1970 x x
Peat investigations 1975 91 91 - Lappalainen & Pajunen, 
1980
x x
Peat thickness HU 6 6 6 Paper III x
Peat thickness Sakatti 12 12 - AA Sakatti mining Oy, 
unpublished
x
Sections 2015 4 18⁴ 9 Paper I, Paper II x x x
Sections Kuusivaara 3 10⁴ 3 Paper II x
Sections Palokumpu 2 2⁴ 2 Paper I x
Stratigraphical sites 2 2 2 Hirvas, 1991 x x
Striations 18 - - Striations , GTK Hakku x
Striations 3 - - Salmi, 1965 x
Striations 1 - - Tanner, 1915 x
Superficial deposits 
database⁵ 
104 224 103 GTK Hakku x
“Targeting till geochemis-
try” database
1936 3906 608 Gustavsson et al., 1979 x x
Test pits GTK 12 12 12 Hirvas et al., 1977 x x
Table 1. Previously published data used in this study.
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Till fabrics 2 - - Hirvas et al., 1994 x
Till fabrics 1 - - GTK, unpublished x
Till fabrics 1 - - Hirvas, 1991 x
Vibration drillings 
1986–87
20 39 20 Lapin vesi- ja ympäristö-
piiri, 1988, unpublished
x x
Vibration drillings 1998 49 152 49 Lapin ympäristökeskus, 
1998, unpublished
x x





lished data of AA Sakatti Mining Oy, the Centres 
for Economic Development, Transport and the 
Environment (ELY Centre) and the Geological 
Survey of Finland (Table 1). In addition to 3D 
modelling, glacier flow direction analysis was 
carried out for the Kittilä, Sodankylä and Salla 
areas, each covering an area of 1050 km² (Figs. 1 
and 2). The features that depict the glacier move-
ment directions (glacial lineations, eskers, stria-
tions and till clast fabrics) were compiled from 
the Hakku service and previous studies (Table 1). 
In addition, 130 new subglacial lineation forms 
were mapped from a 2-metre-horizontal-reso-
lution LiDAR DEM. A more detailed descrip-




A total amount of seven excavated exposures 
at Kärväsniemi, Hietakangas, Kuusivaara and 
Multaharju were studied during the fieldwork 
campaigns in 2015 and 2017 (Fig. 1 and Table 
2). The outcrops were studied for their lithofa-
cies, unit boundaries and dimensions, as well 
as deformation structures. The lithofacies clas-
sification used was modified from Eyles et al. 
(1983). Six till clast fabrics and 22 granulometric 
analyses were carried out from sediment units 
in exposures. The till fabrics were calculated on 
average from 50 clasts within one square metre 
area. The fabric measurements were made with 
five-degree accuracy of elongate clasts with an 
a-axis minimum length of 0.5 cm and a/b ax-
es ratio of ≥1.5. Granulometric analyses were 
conducted with gravitational methods based on 
the instructions of Tie-ja vesirakentamishallitus 
(1973). Gravimetric methods included dry siev-
ing, wet sieving and hydrometer analysis.
Optically stimulated luminescence (OSL) is 
a dating method suitable for quartz or K-felspar 
bearing minerals. Seven samples for optical dat-
ing were collected from the sites using Ø 5-cm 
PVC tubes driven directly into freshly cleaned pit 
faces. The sampled units represented well-sorted 
medium to fine sands in shallow channel fills, 
aeolian dunes and palaeosols (Table 2 in Paper 
II). In-situ gamma dose measurements, includ-
ing cosmic radiation, for the OSL age determina-
tions were recorded using a portable ICx-Iden-
tifinder gamma spectrometer with a Ø1.4”×2” 
NaI(TI) detector.
OSL measurements and sample preparation 
were performed in the Laboratory of Chronol-
ogy, Finnish Museum of Natural History, Uni-
versity of Helsinki. The beta dose rate was de-
23




OSL Till clast 
fabric
KN-1, Kärväsniemi 67° 33.569’ N, 26° 43.915’ E 186.6 5.6 x x
KN-2, Kärväsniemi 67° 33.620’ N, 26° 43.992’ E 188.0 6.3 x x
HI-1, Hietakangas 67° 32.197’ N, 26° 39.762’ E 183.0 1.0 x 
KU-1, Kuusivaara 67° 30.460’ N, 26° 39.429’ E 190.0 2.7
KU-2, Kuusivaara 67° 30.437’ N, 26° 40.231’ E 203.5 2.1
KU-3, Kuusivaara 67° 30.662’ N, 26° 45.196’ E 201.0 3.0 x x
MU-1, Multaharju 67° 27.039’ N, 26° 52.897’ E 188.0 1.6 x
Table 2. The locations and the sediment thickness of the exposures studied in the River Kitinen valley, Sodankylä. 
The OSL-sampled and till clast fabric analysis sites are also indicated.
termined in the laboratory using a Risø GM-25-
5 beta multicounter (Bøtter-Jensen & Mejdahl, 
1988). The effects of the water content on the 
dose rates were calculated according to Aitken 
(1985). Water contents of Wsample = Wsoil = 
0.2 (saturation water content 20%) were used 
in the analysis since the sampled units had been 
below the areal groundwater table most of their 
time after the deposition. The OSL measure-
ments were implemented from quartz using an 
upgraded Risø TL-DA-12 reader (Bøtter-Jensen 
& Duller, 1992; Bøtter-Jensen et al., 1999). The 
single aliquot regeneration (SAR) protocol (Mur-
ray & Wintle, 2000) was used as a base for the 
measurement procedure. Further details of the 
OSL procedure are described in Paper II.
3.3. Ground penetrating 
radar (Papers I & III)
The GPR data was collected using 30, 50, 100 
and 250 MHz antennae from the GPR survey 
lines covering 230 km in total (Fig. 3). The appa-
ratus used was MÅLA Ramac ProEx GPR. The 
altitude correction of GPR profiles was derived 
from the LiDAR-DEM imageries. The GPR pro-
files were processed with Reflexw software (ver-
sions 7–9, Sandmeier: https://www.sandmeier-
geo.de/reflexw.html). A standard procedure for 
the GPR processing was developed, including 
amplitude, time-zero and topographic correc-
tions, various filtering steps and time-to-depth 
corrections. A basic velocity of 0.1 m ns-1 was 
used for the majority of the GPR profiles (Neal, 
2004) for the electromagnetic waves, the veloc-
ity being verified with drill-hole data along the 
GPR. If the GPR profile included peat, a veloc-
ity correction corresponding to the peat thickness 
was made with a velocity of 0.04 m ns-1 (Ne-
al, 2004). Additional velocity corrections were 
made for the flood plain sediment area along the 
River Kitinen (fine sand in the surficial deposit 
map of GTK), where a velocity of 0.07 m ns-1 
(Neal, 2004) was applied. In addition, 8 km of 
processed GPR profiles by GTK (Lapin POSKI, 
Kupila et al., 2020) and 2 km of processed GPR 
profiles by GEOFCON (unpublished data) were 
utilized in this study.
3.3.1. GPR facies description 
and interpretation 
After processing of the GPR data, the GPR pro-
files were interpreted and the interfaces of the 
subsurface were picked with Reflexw. The 100-
MHz profiles were principally used for the in-
terpretation due to their higher resolution and 
ability to detect thinner units. The 50-MHz and 
30-MHz profiles supported the interpretation of 
the lower parts of subsurface due to their greater 
penetration depth. The first step in the interpre-
tation was to identify the sharp interfaces, such 
as the groundwater table, bedrock surface, the 
basal contact of the peat and other sharp bound-
24












Figure 3. Input data used in GM2020. References for the drillings and stratigraphic sites are listed in Table 1. For 
location see Fig. 1B. Water body: © National Land Survey of Finland, used with permission. 
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aries (Fig. 4). Seven distinct GPR patterns were 
recognised as GPR facies in the profiles studied, 
and were named A–F (Fig. 4). 
The GPR facies A–C were generally smooth 
in appearance. Facies A and B were usually easy 
to identify as representing peat and flood plain 
sediments, respectively, whereas facies C was 
difficult to differentiate between sandy till or fine-
grained sorted deposits. Facies C was mostly 
encountered in bedrock depressions and could 
therefore also represent weathered mantle. The 
patterned facies D–F were interpreted as repre-
senting different types of flowing water/current 
deposits. Facies G was interpreted as till verified 
using drilling data. However, till facies lacked 
the characteristic upside-down V-shaped pattern 
typical for till (see e.g. Pitkäranta, 2009) and had 
a blurred contact to the bedrock. The selected in-
terfaces (1–5) were used to define the contacts 
of the units in the 3D models (Fig. 4).
3.4. Three-dimensional (3D) 
modelling (Papers I, III & GM2020)
The 3D models of this study were generated with 
the 3D modelling software Leapfrog Geo (ver-
sions 2–5, Seequent Ltd.). Leapfrog Geo is a 
modelling software package aimed at fast im-
plicit modelling. The 3D model generation of 
Leapfrog is based on contact surfaces that de-
fine the upper and lower limit of each geological 
unit. As Leapfrog required a relative chronology, 
it was based on the stratigraphic investigations 
conducted on the Kärväsniemi sections (KN-1 
and KN-2) (Table 3) and on earlier studies (e.g. 
Hirvas, 1991; Sarala et al., 2015).
Four 3D models of Quaternary sediments 
and upper bedrock structures were constructed. 
The 3D models were named as GM0 (Paper I), 
GM1 and GM2 (Paper III), and the final model, 
GM2020, is presented in this thesis.
GM0 covered an area of 10.5 km², includ-
ing the western corner of the Viiankiaapa mire 
and Kärväsniemi (Fig. 1B). Two extended mod-
els GM1 and GM2 covering 48 km2 (Fig. 1B) 
were generated for the comparison of ground-
water flow patterns within the area. A detailed 
GPR study (December 2019–January 2020) was 
conducted to achieve a more detailed structure 
for GM2020. In total, 2600 observations (from 
the compiled GIS data of Table 1) were used to 
generate GM0 (Paper I), whereas 10 613 obser-
vations from the GIS databases (Fig. 3) were used 
as input for the extended GMs (GM1, GM2 and 
GM2020). The modelling method of GM2020 is 
described below (Fig. 5), whereas the modelling 
of GM0, GM1 and GM2 is described in further 
detail in Papers I and III.
In the GM1 and GM2 models, the GPR fa-
cies C was interpreted as “lowest till” (sandy till; 
Fig. 4), whereas in the GM2020 model, this fa-
cies was renamed as a “basal unknown sediment” 
due to the lack of reference drilling. 
In situ chemically weathered bedrock sapro-
lith is divided according to the degree of weath-
ering into saprock (<20% alteration of available 
weatherable minerals) and saprolite (>20% of 
the weatherable primary minerals are altered) 
(Anand & Paine, 2002; Hall et al., 2015). In 
GM2020, saprolite was further divided into 
sandy (grus) and clay-type saprolite weather-
ing that are linked to weathering intensity (e.g. 
Hall et al., 2015). The distribution of clay and 
grus weathering was based on WIP (Weather-
ing Index of Parker, Parker 1970) calculations 
from Hall et al. (2015) and Raatikainen (2019). 
Previous GMs only included weathered bedrock 
and bedrock units.
Grus and clay-type saprolite was underlain 
by a unit named “fractured bedrock”, consist-
ing of a variety of altered bedrock from slight-
ly fractured bedrock to saprock. The thickness 
of fractured bedrock unit is tentative because of 
sparse and uneven distribution of drill-core ob-
servations. The observed (n = 41) average thick-
26
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KN-2 Chronology GM0 GM1 GM2 GM2020
River Kitinen Holocene x x x x
Peat Holocene x x x x
Top deposits Unit 9 Holocene/Deglacial x x x x
Upper till Unit 8 Late Weichselian, 
MIS 2
x x x x
Middle sorted Unit 7 Middle Weichselian, 
MIS 3
x x x x
Middle till Unit 6 Middle Weichselian, 
MIS 4
x x x x
Lower sorted Unit 5 Early Weichselian, 
MIS 5a




Unit 3 Early Weichselian, 
MIS 5b
x x x x
Unit 2
Unit 1




x x x x




Weathered bedrock x x x¹
Clay weathering x
Grus x
Fractured bedrock x x
Bedrock x x x² x²
Table 3. Geological units of the geological 3D models (GM), their preliminary correlation with the Kärväsniemi units 
(KN-2) and NW European and the marine isotope stage (MIS) chronologies.
ness of fractured bedrock was 19 metres (stan-
dard deviation (SD) = 20 m; maximum = 83 
m). The observations were available only with-
in area the dense diamond drilling area (Fig. 3) 
covering only 1% of the GM2020 area (48 km²). 
The thickness data of the diamond drillings were 
used for the marginal areas of the model where 
an extrapolated thickness between 10 to 40 me-
tres was used.
The horizontal resolution of the contact sur-
faces was set to 20 metres, whereas the vertical 
resolution was not applicable in Leapfrog. The 
accuracy of the contact surface was set to 0.1, 
meaning that it had freedom to vary by ±0.1 me-
¹Divided into clay and grus types with ModelMuse (see Paper III)
²As a solid bedrock surface    
tres from the control points (polylines, points, 
drill hole data). The non-continuous sediment 
units were generated by bending the contact sur-
face in such a way that it formed lens-like 3D 
units (see Fig. 13 in Paper III).
4. Results
4.1. Results of Paper I
Paper I focuses on visualising the complicated 
sedimentary architecture and sedimentary envi-
ronments of the Sodankylä study area.
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Figure 5. Simplified modelling workflow for the 3D model GM2020 with Leapfrog Geo and ArcMap software. The 
colour scheme indicates the track of modelling methods of the 3D unit types. The squares depict files that define 
the 3D units and the ovals depict tools to edit the geometry of the 3D units. Much the same workflow was used in 
GM0–2 in Papers I and III.
Three till units with four interbedded sort-
ed sediment units were encountered in the ar-
ea from where GM0 was reconstructed, each 
having an average thickness of approximately 
2 metres. The most complex sediment succes-
sion was encountered in Kärväsniemi, whereas 
29
a more simple stratigraphy, typically with only 
one till bed, was encountered in the elevated ar-
eas. The Viiankiaapa mire also revealed a less 
complex stratigraphy, with organic mire deposits 
underlain by a sandy unit and till.
Several topographic features and related vari-
ations in sediment thickness were observed in 
the modelled areas. Since the topography of the 
Sodankylä peneplain is rather smooth, the thick-
est sediment successions (>15 m) occur in bed-
rock depressions which were presumably shel-
tered from glacial erosion. The high bedrock ar-
eas seem to locate in the areas where plutonic 
and volcanic rocks occur, while the low altitude 
bedrock areas consist of metasedimentary rocks. 
The depressions in Pahanlaaksonmaa (Fig. 1) 
and the Viiankiaapa mire are most likely situated 
in areas of bedrock fracture zones. The thickest 
sediment succession, containing a maximum of 
approximately 40 metres of sorted deposits, was 
encountered in Pahanlaaksonmaa, and in Ropi-
sijankuru (Fig. 1) the sedimentary succession is 
35 metres thick and consists of 33 metres of sand 
beneath the uppermost till unit.
Glaciofluvial and fluvial sands are common 
in and along the river valleys as seen in the Li-
DAR-DEM imageries. According to the GM0, 
the fluvial deposits continue beneath the Viian-
kiaapa mire. The three sorted sedimentary units 
of fluvial origin were deposited near the river 
banks, and were interbedded with till units. This 
indicates recurrent fluvial activity in the area.
The open dataset of the “Targeting till geo-
chemistry” project was found to be a valuable 
dataset in the 3D modelling. However, in this 
dataset, the exact contacts of the units are often 
unknown, and the bedrock surface model was 
constructed with the assumption that the depths 
of the drillings represent the bedrock surface 
or are close to it. From this, it follows that the 
bedrock surface model represents the minimum 
thickness of surficial deposits, and the Leapfrog 
model (GM0) may therefore underestimate the 
volume of Quaternary deposits. On the contrary, 
in areas with sparse geological data, interpola-
tion overestimates the thickness due to the un-
even lateral distribution of the input data and 
high variability in the sediment thickness and 
bedrock surface altitude within a short distance.
 The interlayered till forms perched water ta-
bles, and the hydraulic conductivities are highly 
heterogeneous. The 3D modelling and the Ker-
silö database indicated that the sorted deposit 
units of some of the classified aquifers were 
less uniform, thus making them less profitable 
as groundwater reservoirs.
4.2. Results of Paper II
Paper II focuses on sedimentological and lith-
ological observations, LiDAR image analyses 
and OSL age determinations in the River Kiti-
nen valley. The Kärväsniemi sections (KN-1 and 
KN-2) were divided into nine and Kuusivaara 
(KU-1–KU-3) into six lithostratigraphical units; 
Hietakangas (HI-1) and Multaharju (MU-1) were 
each composed of one unit. Two of the seven sec-
tions (KU-1 and KU-2) were excavated down to 
the bedrock. The lithofacies includes three to four 
diamicton units interbedded with sorted sediment 
units and weathered bedrock. The stratigraphy of 
the Sodankylä area and its correlation to the late 
Middle and Late Pleistocene NW European and 
MIS chronostratigraphy is presented in Fig. 6; 
the individual lithofacies are described in more 
detail in Paper II.
The sedimentological evidence obtained 
from the River Kitinen valley indicates that gla-
cial ice advanced across the area on at least three 
separate occasions, in the Early (MIS 5b), Middle 
(MIS 4) and Late (MIS 2) Weichselian, where-
as ice-free conditions persisted during the inter-
vening Odderade (5a) and MIS 3 interstadials.
The lowermost diamicton unit of Kärväsnie-
mi and Kuusivaara (KN Unit 1; KU Units 1–2) 
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Figure 6. Composite stratigraphy of the Sodankylä area (modified after Salonen, 2019) and comparison with the 
Northern European stratigraphy and global benthic δ18O data. The square depicts the stratigraphy observed in this 
study (Papers I–III). The simplified stratigraphy of Paloseljänoja and its correlation is based on Hirvas (1991). The 
time scale is modified after Helmens et al. (2018). The benthic δ18O data are from Lisiecki & Raymo (2005) and the 
insolation curve is from Berger & Loutre (1991).
forms a continuous floor in the river valley and 
was interpreted as representing till deposited by 
the Early Weichselian glacial ice. The correla-
tion is based on the strong NW-oriented fabrics, 
widely accepted to represent the Early Weich-
selian ice-flow direction (e.g. Hirvas, 1991; Jo-
hansson & Kujansuu, 2005).
Early Weichselian diamictons are overlain 
by mainly plane-bedded sands and gravels in 
Kärväsniemi and Kuusivaara. These deposits had 
features that indicate a proglacial environment, 
including ice-wedge casts and drop stones in san-
dy matrix and remnants of palaeosols. The OSL 
ages (67–79 ka) indicate deposition during the 
Early Weichselian interstadial, Odderade.
A 30-cm-thick diamicton unit, interpreted 
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as Middle Weichselian till, was encountered in 
Kärväsniemi. The till clast fabric and one striated 
clast indicate an ice-flow direction from the N or 
NE (20°–15°), which can be compared with the 
flow directions of “old northern till” described in 
Johansson (1995). In Kärväsniemi section grav-
el-rich unit, interpreted as braided river traction 
lag/bar deposit was the only Middle Weichse-
lian sediment unit encountered in the present 
study. OSL-samples dated yield ages of 41±9 
and 73±12 ka. The bimodal age result indicates 
poor bleaching but the younger age obtained was 
considered more likely age for the unit i.e. the 
gravel-rich unit was deposited most likely dur-
ing the Middle Weichselian at around 40 ka ago.
The Late Weichselian diamictons (KN Unit 
8; KU Unit 4) have a scattered distribution over 
the river valley area. In general, the Late Weich-
selian diamicton was interpreted as melt-out till, 
based on the presence of lenses of sorted sedi-
ments, the loose packing, and the absence of 
basal erosion. The till clast fabric from KN-1 
had a preferred orientation of clasts from 295°.
The glacial flow-direction analysis suggest-
ed that the topographic features of NW–NNW-
oriented streamlined bedforms in the Kittilä and 
Salla areas represent an older bedform swarm 
than Late Weichselian, probably Early Weich-
selian (Fig. 7). This would indicate a northern 
location of the ice-divide zone during the Early 
Weichselian and a more westerly location during 
the Late Weichselian. The Middle Weichselian 
till with N–S-oriented till fabrics together with 
till-covered eskers related to the subsequent de-
glaciation suggest a northerly position of the ice-
divide zone during the Middle Weichselian. The 
Late Weichselian glacier was partly cold-based, 
and local ice streams existed in areas where the 
till clast fabric analysis show strong orientation 
of clasts’ a-axis. All in all, the flow direction 
analysis indicated prolonged cold basal condi-
tions of the glacier in the Sodankylä area during 
the whole Weichselian.
The relatively old OSL age from Multahar-
ju (14±3.2 ka) and old radiocarbon (13–16 ka) 
dates obtained from organic samples from other 
sites in northern Finland (e.g. Heikkinen et al., 
1974; Jungner, 1979; Nydahl et al., 1972) may 
indicate that northern Finland deglaciated ear-
lier than previously thought (e.g. Hughes et al., 
2016; Stroeven et al., 2016), already during the 
warm Bølling–Allerød period. If the OSL and 
radiocarbon dates are reliable, the area was prob-
ably partly ice free due to local scattered glaciers. 
Another likely explanation is poor bleaching of 
the Multaharju sample.
4.3. Results of Paper III
Paper III focuses on the comparison of two sim-
pler hydrostratigraphic models (HSMs) derived 
from GM1 and two more complex hydrostrati-
graphic models derived from GM1 and GM2, 
respectively, via groundwater flow modelling.
The aim of this study was to evaluate how 
the modelling results for groundwater flow and 
recharge/discharge patterns differ when simple 
or more elaborate HSMs of the Sakatti study site 
are applied. A workflow for 3D hydrostratigraph-
ic modelling with Leapfrog Geo and flow mod-
elling with MODFLOW-NWT was developed. 
Groundwater modelling results indicate that 
statistical parameters of the residuals between 
the observed and simulated water tables were 
rather similar in all HSM groundwater flow 
models. However, statistical parameters cal-
culated in groundwater monitoring wells with 
varying screen depths indicated that a more de-
tailed stratigraphy increased the statistical fit. In 
addition, defects in the GMs could be detected 
from groundwater modelling results as areas with 
a poor fit between the observed and simulated 
groundwater table. Groundwater flow patterns 
were verified with particle tracking with stable 
isotope values (δ¹⁸O, δD, d-excess). The sim-
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Figure 7. Results of flow direction analysis within the LiDAR inspection areas, Kittilä, Sodankylä and Salla. In eskers 
and till fabrics of the flow direction analysis, the red colour indicates the Early/Middle Weichselian (EW), whereas 
black indicates Late Weichselian (LW).
ulated flow paths of the d-excess suggested a 
more complex flow pattern in the complex mod-
els compared to the simple models. The simu-
lated flow paths of the complex models were 
dependent on hydraulic conductivity (k-value) 
variation, and the topography of unweathered 
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bedrock.
The interbedded zones of low and high con-
ductivity generate more complex recharge and 
discharge patterns due to an increase in the verti-
cal component of groundwater flow. In the simple 
models, the groundwater flow lines were main-
ly subhorizontal, whilst in the complex HSM 
models, the interbedded low conductivity zones 
(tills, clay-type weathered bedrock) refracted the 
groundwater flow lines in a more vertical direc-
tion (see Freeze & Witherspoon, 1967) if under-
lain by a higher conductivity zone (e.g. sorted 
deposits). In the complex models, the groundwa-
ter discharge areas reflected the string and flark 
pattern of the mire more precisely than in the 
simple models. Moreover, the low conductivity 
zones acted as a barrier to groundwater flow; the 
groundwater head rose in the upstream direction 
and lowered in the downstream direction, regard-
less of their shape. The aforementioned aspects 
emphasize that low conductivity zones should be 
acknowledged in 3D model construction.
Building a complex 3D model should be con-
structed if enough time and data for the model-
ling is available. Furthermore, if the study site has 
high variation in hydraulic conductivities, and a 
detailed understanding of groundwater recharge 
and discharge patterns is of research interest, a 
detailed structure in a 3D model is desirable.
4.4. The geological model GM2020
The final version of the GM2020 model was con-
structed for the basis of a hydrogeological flow 
model. According to GM2020 model, the bed-
rock topography ranges 135–206 m a.s.l. (SD = 
6.7 m), the average being 180 m a.s.l. The aver-
age thickness of the “fractured bedrock” unit is 
approximately 25 metres, but the unit thickness 
variates (>20 m) within short distances. Frac-
tured bedrock is overlain by a prominent amount 
of weathered bedrock, of which the dominant 
type is grus (Table 4). Approximately one-eighth 
of the weathered bedrock comprises clay weath-
ering, which forms scattered clusters along the 
model area, but is absent from the area domi-
nated by fluvial sediments.
The average thickness of Quaternary depos-
its is 8 metres (SD = 4.3 m), ranging from 0 to 
47.8 metres. The average thickness of tills and 
sorted deposits is about 2 meters (Table 4), except 
for the “basal unknown sediment”, which has a 
thickness of over 4 metres. The lowest Quater-
nary sediment units (“lowest sands and gravels” 
and “basal unknown sediment”) fill bedrock de-
pressions and have a higher mean thickness and 
standard deviation than the overlying units. The 
most voluminous sorted deposit unit is the “top 
deposits”, whilst the most widespread till unit is 
the “lower till” (Table 4), both of which cover 
almost the entire model area. Both “middle sort-
ed” and “middle till” have a limited coverage, 
being less than 5% of the Quaternary deposits, 
the “middle till” being limited to Kärväsniemi 
only. The “upper till” is scattered along the model 
area, especially in the outwash plain areas (Fig. 
8). Till-covered sorted deposits are distributed in 
the outwash plain areas and scattered beneath the 
mire-covered areas.
5. Discussion
5.1. Three-dimensional (3D) 
geological models
5.1.1. Input data for the 3D 
geological models 
The GM2020 model was constructed using in-
formation from drillings, outcrops and the GPR 
sounding results (Fig. 3), as well as exploiting 
previously published data. The quality of the in-
put data was variable regarding its representa-
tiveness, degree of detail and spatial distribution 
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Figure 8. "Exploded 
view" of the 3D geologi-
cal model (GM2020) in 
Sodankylä, central Finn-
ish Lapland. For the lo-
cation, see Fig. 1B. For 
the geological units, see 
Tables 3 and 4. Vertical 
exaggeration is 10x. The 
thickness of the fractured 
bedrock is tentative (also 
Figs. 11, 12 and 14). See 
text for further details.
of the data (Paper I).
The information on sedimentary succession 
from the drillings varied from detailed descrip-
tions of the units and their bounding surfaces (e.g. 
vibration drillings of Leskelä (1971) to the over-
all thickness of the Quaternary deposits with-
out any information on lithologies (e.g. diamond 
drillings, Fig. 3). The “Targeting till geochemis-
try” dataset, in turn, included lithological infor-
mation, but the boundary information was mostly 
lacking. However, even if there were deficiencies 
in the lithological data, they were sufficient for 
modelling purposes and counterbalanced by the 
dense sampling network.
The input data (drilling, outcrops and GPR) 
were unevenly distributed within the GM2020 
area (Fig. 3). All the outcrops were located west 
of the River Kitinen. The densest drilling and 
GPR network was in eastern side of the River 
Kitinen (Fig. 3), being more scattered in the na-
ture conservation area of the Viiankiaapa mire. 
This led to a more detailed understanding of the 
deposits in the river belt compared to the mire 
areas. In the areas covered by a grid of GPR 
profiles, it was possible to see a continuum of 
erosional structures and, in some cases, sedimen-
tary units. In the mire areas, in turn, the isolated 
GPR profiles lacked crosscutting lines, and the 
shape and continuity of the depositional struc-
tures and elements was, therefore, less evident. 
The overall interpretation was thus based more 
on the drill hole data.
Most of the GPR acquisition was performed 
using both 50 and 100-MHz antennae, enabling 
the detection of sedimentary units down to 0.25 
metres thick at best. Therefore, the vertical reso-
lution was not precise enough to detect thin units 
such as the Middle Weichselian till in Kärväs-
niemi (KN Unit 6), although it is possible that a 
single rugged or undulating interface occurring 
in the GPR profile represents this till unit. The 
penetration depth decreases as a function of in-
creasing antenna frequency. In some cases, the 
GPR did not reach the bedrock contact, but in 
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Holocene 4.0 2.4 0.0 10.6 7.3 × 10⁶
Peat Holocene 2.0 1.0 0.0 6.8 5.2 × 10⁷ 13.5
Top de-
posits
Unit 9 Holocene/ 2.1 1.7 0.0 10.9 7.8 × 10⁷ 20.2
Deglacial
Upper till Unit 8 Late Weich-
selian, MIS 2
1.7 1.1 0.0 8.8 5.4 × 10⁷ 14.1
Middle 
sorted
Unit 7 Middle 
Weichselian, 
MIS 3
1.4 1.4 0.0 9.8 1.6 × 10⁷ 4.1
Middle till Unit 6 Middle 
Weichselian, 
MIS 4








2.3 1.8 0.0 13.9 3.3 × 10⁷ 8.6
















Saalean? 4.5 4.1 0.0 38.3 2.9 × 10⁷ 7.6
Clay 
weathering
2.5 3.1 0.0 49.5 2.3 × 10⁷ 1.5
Grus 6.0 2.6 0.0 41.5 2.6 × 10⁸ 17.4
Fractured 
bedrock
25.6 8.2 0.0 76.5 1.2 × 10⁹ 81.0
Table 4. The statistics of the GM2020 units and their correlation with the units in KN-2 and northern European 
chronology. Note that the volume percentages are calculated separately for the Quaternary deposits and for the bedrock. 
general, the penetration depth was adequate for 
the Quaternary deposits in the GM2020 area. 
When the GPR method is used, two interlinked 
uncertainties have to be considered. One is the 
estimation of electromagnetic wave velocities 
through the subsurface and the other is the in-
terpretation of sedimentary units and elements 
from GPR sounding data. The sedimentary unit 
thicknesses extracted from the GPR profiles are 
susceptible to errors in time-to-depth conversions 
and the central frequency of the antenna and an-
tenna separation. Especially in groundwater sat-
urated areas, the errors in time-to-depth conver-
sions may result from erroneous interpretations 
of the sedimentary units (Neal, 2004). Due to 
the sensitive environmental restrictions, GPR ac-
quisition in this work was carried out by skiing 
during the winter. The snow depth in the study 
area was 60–80 cm, which may have hampered 
the recognition of the topmost sedimentary units.
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Figure 9. Four versions of the geological model in the Sakatti area. A) GM0 (Paper I). B) The extended model GM1 
(Paper III). C) The updated extended model GM2 (paper III). D) The final model (GM2020). E) GM2020 converted 
into a MODFLOW grid (HSM2020) with the Hydrogeology tool of the Leapfrog software.
5.1.2. Constructing 3D geological models
During this study, four geological models were 
constructed (GM0, GM1, GM2 and GM2020; 
Fig. 9). While GM0–GM2 leaned more on the 
drill hole data, the gridded GPR was utilized in 
the GM2020 model to gain a better understand-
ing of sedimentary unit architecture and conti-
nuity (Fig. 3). The models GM0 and GM1 were 
similar, but GM1 covered a larger area. In ad-
dition to the units modelled in GM1, fractured 
bedrock was added to GM2. In GM2020, the 
weathered bedrock was divided into grus and 
clay weathered zones. The GM2020 model is 
also more complex than the earlier versions in-
cluding more units and data (i.e. gridded GPR 
data, see Fig. 3) to increase the model accuracy. 
The detailed GPR study did not have a drastic 
effect on the unit volumes. However, the av-
erage thickness of the Quaternary deposits in 
GM2020 is higher and, in places, the bedrock 
topography is lower compared to that in the ear-
lier GM versions.
According to Hudon-Gagnon et al. (2015), 
the simplification of a model does not markedly 
alter the model results, which also supports the 
usage of simpler models. However, more com-
plex GM models are necessary if complex hydro-
geological flow routes are anticipated, as in mire 
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areas or groundwater-dependent ecosystems. For 
example, in the 3D groundwater flow model of 
Artimo (2004), the complex routes of mine wa-
ter leachates required a more complex model to 
obtain satisfactory results. 
The GM2020 model was constructed in order 
to build a hydrogeological flow model. There-
fore, revealing the architecture of individual units 
with differing hydrological conductivity (k-val-
ue) is essential; the units should be generated 
to correspond to the hydrogeological properties. 
Paper III demonstrates that especially in hydro-
logically sensitive areas, such as in river banks 
with a high hydraulic gradient, increasing the 
complexity and accuracy of the GM has a large 
local effect on the groundwater flow modelling 
results. Groundwater flow was predominantly 
horizontal in models in which the Quaternary 
sediments and bedrock were simplified as one 
layer per unit. Increasing the hydrostratigraphic 
detail appeared to improve the fit between the 
observed and simulated water table and created 
more plausible groundwater flow patterns.
During the compilation of the input data and 
construction of the GMs, it became evident that 
lithological observations, including the sedimen-
tary unit boundaries, should be carefully recorded 
in the drill logs. Reference drillings or outcrops 
along the GPR profiles would have enabled cor-
relations to be examined between GPR facies 
and lithological units and would, therefore, have 
enhanced the model accuracy. Reliability classi-
fication regarding all input data could improve 
modelling and input data handling (see also Allen 
et al., 2008). While Leapfrog software is suit-
able for generating the 3D units for a groundwa-
ter flow modelling input grid, geostatistical tools 
could be used to calculate the heterogeneity, i.e. 
grain-size variation or k-values within the 3D 
units (e.g. Sun et al., 2019).
5.2. Geological units, stratigraphy 
and glacial history of the study area 
The lithostratigraphical units identified in drill 
holes, sections and GPR soundings form the ba-
sis of stratigraphy and reconstruction of glacial 
as well as palaeoenvironmental history for the 
study area. It is well known that Central Finnish 
Lapland is characterized by evidence of weak 
glacial erosion with remnants of thick altered 
bedrock and multiple till units with interlayered 
sorted deposits (e.g., Hirvas et al., 1977; Pulk-
kinen, 1983; Hirvas, 1991; Kleman et al., 1997). 
Central Finnish Lapland has been covered by 
multiple glaciations during the Pleistocene and 
was part of Eurasian ice sheet complex (Svend-
sen et al., 2004; Batchelor et al., 2019). In this 
region, up to six tills units are found (Hirvas et 
al., 1977; Hirvas, 1991; Helmens et al., 2000; 
Johansson et al., 2011; Helmens, 2014; Salonen 
et al., 2014b; Lunkka et al., 2015; Howett et al., 
2015; Sarala et al., 2015), interpreted as hav-
ing been deposited during the Saalian and the 
Weichselian glaciations. However, in most cas-
es, two tills beds (till bed II and III by Hirvas 
(1991)) have been encountered, which have con-
ventionally been correlated to the Early and Late 
Weichselian. This study revealed up to 48 metres 
of Quaternary deposits, including three till units 
with interbedded sorted deposits of fluvial origin 
in the Sodankylä area (Paper II).
5.2.1. Weathered and fractured bedrock
Central Finnish Lapland and northern Sweden 
are areas of exceptional glacial preservation (Hir-
vas, 1991; Ebert et al., 2015). In these areas, in-
cluding the present study area, the bedrock con-
tact to the overlying Quaternary deposits is not 
sharp but shows a zone of fractured and gradu-
ally altered weathered bedrock (Virkkala, 1955; 
Hirvas et al., 1977; Hyyppä, 1977, 1983; Hir-
vas, 1991; Hätterstrand & Stroeven, 2002; Hall 
et al., 2015). The GM2020 model distinguish-
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Figure 10. Distribution of the 3D modelled units in GM2020. Corresponding units in D–H are from Section KN-2 at 
Kärväsniemi. Unit 7 (Middle sorted of the GM model) is in an "exploded position" in E. F) A closer view of limited 
distribution middle till (unit 6). The question marks indicate areas of uncertain distribution.
es “fractured bedrock”, grus and clay types of 
weathered bedrock as individual units in the up-
most bedrock zone (Fig. 10). The model suggests 
that fractured bedrock is the thickest (>50 m) 
at the bend of the River Kitinen and the thin-
nest to the west of Viiankiaapa (Figs. 10 and 
39
11). However, due to restricted information on 
the fractured bedrock unit, the thickness may be 
overestimated. It is likely that the thickness of 
the fractured zone shows more spatial variabil-
ity than presented in the GM2020 as a result of 
different lithologies and high angle dip of schis-
tosity in bedrock, especially in areas where frac-
tures (joints and faults) are abundant.
Upwards in the altered bedrock zone, the 
fractured zone gradually changes into weath-
ering grus. Grus-type weathering dominates in 
the Kitinen river valley area, being on average 
6 metres thick (Table 4). Similarly to the frac-
tured zone thicknesses in GM2020, the average 
thickness of grus may be overestimated and may 
form a more uneven surface than presented in 
the model. Grus is overlain by a chemically al-
tered clay-type unit that exists in scattered areas 
within the study area (Fig. 10B) (Hyyppä, 1977; 
Rask & Lintinen, 2001; Hall et al., 2015). Ac-
cording to GM2020, the average thickness of 
the clay-type unit is 2.5 metres but is up to 50 
metres thick in the brecciated zones. The thick-
ness of both the grus and clay weathering type 
has a degree of uncertainty due to the lack of 
reference data and variations in local lithologies.
Fractured bedrock is exposed in places in the 
river channels, suggesting the removal of weath-
ered material by fluvial activity (Fig. 10B). The 
scattered distribution of clay weathering in the 
area may result from a limited time to develop 
(Hall et al., 2015). Alternatively, the clay weath-
ering may have been partly eroded by glacial 
erosion and mixed in glacial drift (e.g. Hirvas 
et al., 1977; Peuraniemi et al., 1997). This is 
further supported by the similarity of chemical 
compounds in the clay fraction of till and weath-
ered bedrock (Hirvas et al., 1977).
5.2.2. Early Weichselian glaciation 
(KN Units 1–3, KU Units 1–2)
The Early Weichselian sub-stage has been cor-
related with marine isotope stages (MIS) 5d–5a 
(Lisiecki & Raymo, 2005; Helmens, 2014), and 
Greenland chronology GI-25–GS-20 covering a 
time interval of ca. 115–71/74 ka (Martinson et 
al., 1987; Dansgaard et al., 1993; Giaccio et al., 
2012; Rasmussen et al., 2014; Obrochta et al., 
2016). The climate during the Early Weichse-
lian fluctuated from stadial to interstadial condi-
tions (e.g. Johnsen et al., 1992; Dansgaard et al., 
1993; North Greenland Ice Core Project mem-
bers, 2004), affecting the global sea level and ex-
tent of the SIS (Shackleton, 1987; Cutler et al., 
2003). The Early Weichselian was divided into 
two stadials (MIS 5b and MIS 5d) and two inter-
stadials (MIS 5a and MIS 5c) (Shackleton, 1969; 
Woillard, 1978; Behre & Lade, 1986; Dansgaard 
et al., 1993). During the latter stadial (MIS 5b), 
known as the Redenstall stadial, the glacial ex-
tent was more widespread (Helmens et al., 2000, 
2009) than during the previous stadial (MIS 5d), 
Herning stadial. Various studies have suggested 
that at maximum, the SIS extended from Scan-
dinavian mountains to the northern parts of Rus-
sian Karelia (e.g. Siegert et al., 2001; Svendsen 
et al., 2004). In Finland, during the Redenstall 
stadial (MIS 5b), ice sheet is interpreted to have 
covered northern Finland, leaving southern Fin-
land ice-free (e.g. Nenonen, 1995; Svendsen et 
al., 2004).
The lowest till units (KN Units 1–3, KU 
Units 1–2; “lower till” in GM2020) in the present 
study area are correlated with the Early Weich-
selian Redenstall Stadial (MIS 5b) based on four 
OSL ages obtained from the overlying sorted 
sediment units (KN Units 4–5 and KU Unit 3). 
This study suggests that Early Weichselian till 
is widely distributed, being the most volumi-
nous unit within the GM2020 area, and is on 
average three metres thick (Fig. 10D; Table 4). 
While Units 1–3 were the lowermost units ob-
served in the outcrops (Paper II), the GPR pro-
files and drillings indicated that underlying de-
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posits exist within the GM2020 area, especially 
in the bedrock depressions. These units below 
the Early Weichselian tills, the “basal unknown 
sediments” of GM2020, typically consisted of 
sorted sediments, but fine-grained to sandy tills 
were also observed, which may have been depos-
ited during Saalian glaciation (cf. Hirvas, 1991). 
On the other hand, the GPR facies of the “bas-
al unknown unit” resembles that of weathered 
bedrock in Kuusivaara. Therefore, the nature of 
the “basal unknown unit” occupying the deep-
est depressions remains unresolved.
In Paper II, KN Units 1–3 (“lower till”) were 
correlated with the Early Weichselian till bed III 
of Hirvas (1991), which in general has till clast 
fabrics indicating ice flow direction from be-
tween WNW to NW (Fig. 7). There is a consen-
sus that the Early Weichselian ice-flow direction 
was mainly from the NW (Hirvas et al., 1977; 
Hirvas, 1991; Johansson & Kujansuu, 2005), al-
so supported by the flow direction analysis pre-
sented in Paper II. The streamlined feature pat-
tern visible in the DEM (see Fig. 7) coincides 
with the orientation of the Early Weichselian till 
clast fabric, supporting the strong depositional 
and erosional effect of the Early Weichselian sta-
dial (Paper II). Till clast fabrics in central Finnish 
Lapland suggests that the ice-divide zone during 
the Early Weichselian was located northwest of 
the study area. The NW–SE directional esker 
chains that are common in the Kittilä and Sal-
la areas are inherited from the Early Weichse-
lian deglaciation (Johansson & Kujansuu, 2005). 
These eskers are often till covered and consid-
ered as erosional remnants of continuous eskers 
(Johansson & Kujansuu, 2005) (Fig. 7). Some 
of the esker chains are more than 100 km in 
length and are prominent in size (up to 25 me-
tres high). Such long meltwater systems could 
indicate very steady input regimes (see Green-
wood et al., 2017) during the Early Weichselian 
deglaciation.
While the correlation is based on the simi-
larity (grain size distribution and colour) of the 
till units and similar till clast fabric, actual age 
control is lacking. Age control of Early Weich-
selian till is often derived from overlying sorted 
sediment units with ages ranging 108–60 ka (Pa-
per II; Helmens et al., 2007b; Helmens, 2014; 
Lunkka et al., 2015; Sarala et al., 2015), but 
age control of the underlying sorted deposits in 
northern Finland is poor (Helmens et al., 2007a, 
2018). Moreover, relatively old OSL ages (<200 
ka) have been obtained from till-covered sorted 
deposits (Auri et al., 2008; Putkinen et al., 2020), 
which suggests that Saalian tills have also been 
preserved at some sites. Pre-Weichselian, possi-
bly Saalian, tills exist in central Finnish Lapland, 
e.g. Sodankylä (Hirvas, 1991) and in western 
Finnish Lapland, at Kittilä (Aalto et al., 1992) 
and Kolari (Rautuvaara, Lunkka et al., 2015).
5.2.3. Middle Weichselian 
glaciation (KN Unit 6)
The Middle Weichselian is defined to cover a 
time interval of ca. 71/74–28 ka and is corre-
lated with MIS 4–MIS 3 (Lisiecki & Raymo, 
2005; Svensson et al., 2005; Obrochta et al., 
2016) and Greenland chronology GS-20–GI-3 
(Giaccio et al., 2012; Rasmussen et al., 2014; 
Obrochta et al., 2016). Previously, it was thought 
that northern Europe was covered by the SIS 
throughout the Middle Weichselian (e.g. Hirvas, 
1991; Sutinen, 1992). However, terrestrial evi-
dence such as a radiocarbon ages obtained for 
a deer antler (Rangifer tarandus) from Tornio 
(Siivonen, 1975) and a mammoth molar (Mam-
muthus primigeniuis) from Iijoki (Ukkonen et 
al., 1999), together with other finite radiocarbon 
dates of ca. 40 ka from subtill organic material 
in central Finnish Lapland (Hirvas, 1991), sug-
gest restricted ice sheet distribution during the 
second half of the Middle Weichselian (MIS 3) 
(Ukkonen et al., 1999, 2007). The existence of 
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ice-free conditions in Central Finnish Lapland is 
further supported by the OSL ages ranging 60–25 
ka from subtill sorted deposits from Sokli and 
Sodankylä (Paper II; Helmens et al., 2007a, b, 
2018). The sediment record in western Finnish 
Lapland indicates two separate glacial advance 
during the Middle Weichselian, followed by ice-
free conditions (Howett et al., 2015; Lunkka et 
al., 2015). The reconstructions of the extent of 
the SIS during Middle Weichselian, are variable. 
Some reconstructions suggest a continuous ice 
sheet from northern parts of Middle Europe to 
the Kara Sea (Svendsen et al., 2004), while oth-
ers depict a more restricted distribution in the 
EW sector, leaving southern Finland free of ice 
(e.g. Kleman et al., 1997; Siegert et al., 2001; 
Räsänen et al., 2015).
While a terrestrial record of the Middle 
Weichselian stadials has been observed in west-
ern Finnish Lapland (Howett et al., 2015; Lunkka 
et al., 2015) and Ostrobothnia (e.g. Salonen et al., 
2008) and in eastern Finnish Lapland (Helmens 
et al., 2007a, b), evidence of Middle Weichse-
lian stadials in central Finnish Lapland is rare. 
However, based on the stratigraphical position 
and the OSL-dates obtained above and beneath 
the compact till unit (Unit 6, “middle till”) in the 
Kärväsniemi section, it was concluded that the 
“middle till” was deposited during the Middle 
Weichselian stadial between ca. 67–40 ka (Paper 
II). In central and eastern Finnish Lapland, evi-
dence of only one Middle Weichselian glaciation 
(MIS 4) occurs in the sediment record (Paper II; 
Helmens et al., 2007a, b, 2018) whereas depos-
its related to the two Middle Weichselian stadi-
als (MIS 4 and MIS 3) have been observed in 
western Northern Finland (Howett et al., 2015; 
Lunkka et al., 2015). This implies that the cen-
tral and eastern parts were covered by one gla-
ciation (MIS 4), whereas two glacial advances 
occurred in western parts of northern Finland 
during the Middle Weichselian.
Unit 6 of section KN-2 in Kärväsniemi was 
interpreted as representing lodgement till depos-
ited during the Middle Weichselian glaciation 
(MIS 4). This till unit is correlated with diamicton 
unit in the Sokli sequence (Helmens, 2014; Hel-
mens et al., 2018) and diamicton units in Han-
nukainen and Rautuvaara (Howett et al., 2015; 
Lunkka et al., 2015). According to two till clast 
fabric measurements and one observation of a 
striated boulder, the Unit 6 in KN-2 was depos-
ited by a glacier flowing from N/NNE. Similar 
ice flow direction data were also obtained from 
Savukoski (Johansson, 1995), from the “Suas 
till” (Sutinen, 1992, and references therein) in 
Kittilä, NW Lapland, and from the till overlay-
ing the Maaselkä interstadial sediments (Hirvas, 
1991; Rossi, 1991). The results of this study to-
gether with the results of Sutinen (1992), Johans-
son (1995) and Salonen et al. (2014b), suggest 
that the main ice flow during the first glacial ad-
vance of the Middle Weichselian (MIS 4) was 
initiated in northern Scandinavian mountains. 
Furthermore, this would indicate that the ice-
divide zone during the Middle Weichselian was 
situated north of the study area. From this it fol-
lows that there must have been another ice dome 
area north of the present study area.
A glacier flow from north is further suggest-
ed by the till-covered esker chains (see Fig. 7) 
that are often small (<10 m) and consist of es-
ker core material (Johansson & Kujansuu, 2005). 
The N–S oriented esker chains indicate a melt-
water system related to the Middle Weichselian 
deglaciation (Sutinen, 1992; Johansson, 1995). 
One of these eskers has an OSL age of 65±13 
ka (Johansson & Kujansuu, 2005) corresponding 
the Middle Weichselian stage. The esker chain 
pattern indicates the presence of two ice lobes 
in Central Finnish Lapland: one north-westerly 
(see Sutinen, 1992) and another north-easterly 
(see Johansson, 1995). The till fabric of Unit 6 
of KN-2 would thus indicate a glacier flow of 
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the north-eastern lobe.
Although the lateral continuity of the Middle 
Weichselian till in the GM2020 model was re-
stricted, the unit may, in fact, be laterally more 
continuous. The limited thickness (30 cm in the 
Kärväsniemi sections) may have prevented its 
detection in the GPR profiles. However, based 
on the absence of Middle Weichselian till in ad-
jacent sections (Fig. 10F), as well as in the GPR 
profiles, it seems likely that the unit is either 
thin and scattered or nonexistent elsewhere in 
the study area.
5.2.4. Late Weichselian (KN 
Unit 8, KU Unit 4)
The Late Weichselian is defined to cover the time 
interval between ca. 28 ka and 11.7 ka (Lisiecki 
& Raymo, 2005; Rasmussen et al., 2006, 2014), 
comprising the LGM ca. 22 ka (Patton et al., 
2016) and subsequent deglaciation. The Late 
Weichselian stage is correlated with MIS 2 (e.g. 
Emiliani, 1961; Martinson et al., 1987; Dans-
gaard et al., 1993; Lisiecki & Raymo, 2005) and 
Greenland isotope stage GS-3 (Andersen et al., 
2005; Rasmussen et al., 2008). During the Late 
Weichselian, the SIS attained its largest extent 
in Eurasia during the Weichselian stage and cov-
ered  Fennoscandia and northern parts of central 
Europe (Kleman et al., 1997; Svendsen et al., 
2004; Hughes et al., 2016), having the most ex-
tensive distribution of Weichselian glaciations.
In the study area, the Late Weichselian till 
(Unit 8 in KN-1 and KN-2 and Unit 4 in KU-
1–3), and the “upper till” of GM2020, forms a 
scattered, rather thin (<3 m) and loose unit in the 
GM2020 model (Fig. 10G). The till was pres-
ent in the outcrops on the western side of the 
River Kitinen, but was less evident in the GPR 
profiles on the eastern side of the river, indi-
cating that the unit is sporadically occurring or 
absent. Due to the thinner average thickness of 
the unit, it may have been that the Late Weich-
selian glaciation had a weaker erosional poten-
tial than Early Weichselian glaciation (Paper II). 
Low sedimentation rates and minor glacial ero-
sion are also suggested by the 3D thermome-
chanical model (Patton et al., 2016, 2017) that 
yields low ice surface velocities for the central 
Finnish Lapland during the Late Weichselian. 
The Late Weichselian till unit is interpreted as 
representing melt-out till, and occasionally both 
supraglacial melt-out and subglacial lodgement 
till occurs. According to GM2020, the till unit 
may continue beneath the mire areas and form a 
blanket over the higher ground. However, GPR 
studies and field investigations indicate that the 
“upper till” is occurring sporadically or missing 
in the areas of former braid plains as a result of 
glaciofluvial/fluvial erosion during/after the last 
deglaciation (Figs. 10G, 11 and 12). Based on 
its stratigraphical position, the “upper till” is cor-
related with the Late Weichselian till beds I and 
II of Hirvas (1991) (Paper II).
The study area is located directly south of the 
Late Weichselian Kolari–Kittilä–Saariselkä ice-
divide zone (cf. Johansson et al., 2011; Sarala, 
2005; Putkinen et al., 2017; ice divide in Fig. 1), 
separating the Salla and Kittilä ice-stream lobes 
to the south from the Inari and Enontekiö ice-
stream lobes to the north. This ice-divide zone 
is characterised by deep weathering and weak 
glacial erosion (Penttilä, 1963; Hirvas, 1991; Eb-
ert et al., 2015; Hall, et al., 2015). In the Sodan-
kylä area the streamlined glaciogenic features are 
scarce and show diverging directions (Fig. 7) 
whereas in the neighbouring Salla and Kittilä ar-
eas a northwest orientation dominates. Contrary 
to the streamlined features, the NW orientation 
is not visible in Late Weichselian till clast fab-
rics but indicates ice flow from the W/SW in-
stead (Fig. 7). This further suggests a westerly 
ice-divide zone (Paper II), and is also consistent 
with the flow patterns suggested by Kleman et 










































Figure 11. Fence section of GM2020 along GPR profile 112. See location in Fig. 10H. The thickness of the 










































































Figure 12. Geological cross-section through KN-1 and KN-2. See location in Fig. 10H. The thickness of the 
fractured bedrock is tentative. See text for further details.
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Ancylus lake 186 m a.s.l.
 Moskujärvi 195 m.a.s.l.
 Moskujärvi 207 m a.s.l.
Glacier limit (glacier lake level)
Moskujärvi (195 m.a.s.l.)
Moskujärvi (207 m a.s.l.)
Hirviäkuru gorge 
8 km to S
±
Figure 13. Glacial lakes and estimated glacier limits 
within the study area. The glacier limits and the glacier 
lake levels are based on Johansson & Kujansuu (2005). 
Rivers are modified after Finnish Environment Institute, 
2014. Water bodies are modified after National Land 
Survey of Finland, 2016.
vide in the Gulf of Bothnia. The western loca-
tion of the last ice divide is further supported by 
ice flow directions reported from Parkajoki ar-
ea (Fig. 1), Sweden, at about the same latitudes 
as the Kolari–Kittilä–Saariselkä zone. In Parka-
joki area, the Late Weichselian glacier flow was 
from the southwest and the Early Weichselian 
relict landscape indicates a glacier flow from the 
northwest (see Hätterstränd & Stroeven, 2002). 
Thus, the Kolari–Kittilä–Saariselkä ice-divide 
zone may rather be linked to an Early/Middle 
Weichselian glaciation than to the Late Weich-
selian glaciation.
While the Late Weichselian SIS ice flow pat-
terns are generally assumed to be seen as linea-
tion features in high-resolution digital elevation 
models such as the LiDAR DEM (e.g. Putkinen 
et al., 2017), it is not clear whether these sub-
glacial lineation patterns always represent the 
last ice flow event. Relict landscapes have been 
observed in Finland that occur as interlobate ar-
eas (e.g. Punkari et al., 1997). In paper II, it was 
concluded that the Late Weichselian had a rather 
weak imprint on the streamlined bedforms, not 
only in the Sodankylä area but also in the Kittilä 
and Salla areas. The Late Weichselian till masks 
slightly streamlined bedforms that likely repre-
sent the Early Weichselian ice flow event (Fig. 7).
5.2.5. Deglacial and Holocene deposits (KN 
Unit 9, HI Unit 1, MU Unit 1, KU Units 5–6)
Shortly after the LGM, ca. 22 ka, the climate 
shifted towards warmer conditions, and the 
most drastic shift took place during the Bølling–
Allerød time (ca. 14.6–12.9 ka) (e.g. Johnsen 
et al., 1992; Lisiecki & Raymo, 2005; Ras-
mussen et al., 2006; Patton et al., 2017), when 
the SIS rapidly retreated in its southern sector. 
After the short warm period, the climate shift-
ed again towards colder conditions during the 
Younger Dryas (12.9–11.7 ka, Rasmussen et al. 
2006; Patton et al., 2017), and the continuous 
end moraines circling Fennoscandia were de-
posited. (e.g. Rainio et al., 1995; Lundqvist & 
Wohlfarth, 2000; Hughes et al., 2016). Finally, 
after onset of the Holecene, the remnants of the 
SIS melted in Scandinavia shortly after 10 ka 
(Lundqvist, 1986; Kleman et al., 1997; Hughes 
et al., 2016; Stroeven et al., 2016).
According to Stroeven et al. (2016), the de-
glaciation of northern Finnish Lapland occurred 
ca. 11–10 ka, and within the Sodankylä area, the 
glacier retreated towards the WNW. The west-
ern retreat direction of the SIS during deglacia-
tion (Fig. 13) is further supported by palaeow-
ind directions obtained from dunes visible in the 
LiDAR DEM.
The Sodankylä area was covered by glacial 
lakes during the last deglaciation. First, the east-
ern part of Sodankylä was flooded by the Mosku-
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järvi Ice Lake ca.10.4 ka ago, when the SIS re-
treated from the SE and the lake level reached 
a height of 207 m a.s.l. (Johansson & Kujansuu, 
2005, Fig. 13). At that time, the Moskujärvi Ice 
Lake drained towards the Luiro River valley (Fig. 
1). Subsequently, around 10.3 ka ago, when the 
retreating ice reached the Matarakoski delta (lo-
cation in Fig. 2B), the level of the glacier lake 
dropped to 195 m a.s.l. due to the opening of a 
drainage channel in Hirviäkuru gorge (Figs. 2B 
and 13) (Johansson & Kujansuu, 2005). Later, 
ca. 10.3–10.2 ka ago, the lowland areas of So-
dankylä and southern lowlands of the Salla area 
were covered by the Ancylus lake water, reach-
ing the height of 186 m a.s.l. (Johansson & Ku-
jansuu, 2005).
In the study area, there are abundant deposits 
comprising fluvial, lacustrine and aeolian sedi-
ments which were deposited during the last de-
glaciation. In GM2020, these are presented as 
“top deposits” (Fig. 10H), also including Ho-
locene flood plain sediments. Braid plain and 
fine-grained flood plain sediments are distribut-
ed within a ca. 4-km-wide zone along the Riv-
er Kitinen. Coarse-grained braid plain deposits 
(Fig. 11 location D; Facies D2 in Fig. 4) are 
a dominant feature in Pahanlaaksonmaa at al-
titudes of 183–187 m a.s.l., whereas the fine-
grained deposits were encountered behind the 
levee on the eastern side of the River Kitinen. Ac-
cording to GM2020, the thickness of the flood-
plain sediments is variable, but reaches 7–10 me-
tres in the west at Pahanlaaksonmaa and in the 
south at Kärväsniemi.
The outwash plains along the rivers Sattanen, 
Kitinen and Jeesiöjoki are deposited around the 
level of the Ancylus Lake, approximately 186 
m a.s.l.. According to Johansson & Kujansuu 
(2005), the outwash is related to the drainage of 
glacier lakes north of the study area.
During the last deglaciation, the River Kiti-
nen incised the till-covered beds in Sahankangas 
(Fig. 14 locations E and F) at levels 181–183 m 
a.s.l. and 184–186 m a.s.l. After deglaciation, the 
River Kitinen stabilized its channel to its present 
position, although occasional flooding (Pääkkö, 
2004) resulted in fine sediments settling along 
the shores of the river. Peat formation of the 
mire areas surrounding the River Kitinen val-
ley started around 10 ka ago (Suonperä, 2016).
Deglacial deposits observed beneath the 
Viiankiaapa mire are fine sand or silt of fluvial 
or aeolian origin. The aeolian deposits may 
originate from the fluvial sediments along the 
rivers, e.g. Kitinen and Sattanen, since the caps 
of the outwash plains were exposed during the 
Ancylus Lake phase. 
While the final deglaciation is estimated to 
have occurred at ca. 10.3 ka (e.g. Stroeven et 
al., 2016) the OSL ages in this study may in-
dicate an earlier retreat of the SIS, even in the 
Allerød period (Paper II). Considerable evidence 
exists that central Finnish Lapland was ice free 
soon after the onset of the Holocene (Hughes 
et al., 2016). Two age determinations from de-
glacial sediments obtained in this study suggest 
that the study area was deglaciated at around 
11±2ka ago (Hel-TL04301, Table 2 in Paper 
II), which is supported by the age of the basal 
peat in nearby Postoaapa, reported as forming 
10.35 ka ago (Mäkilä et al., 2013). The degla-
ciation age obtained from the Multaharju aeo-
lian deposits (14±3.2 ka, Hel-TL04302, Table 
2 in Paper II) has a wide scatter, which might 
reflect poor bleaching of the sediment dated. In 
addition to the OSL date presented in this study, 
several age determinations indicating pre-Holo-
cene ice-free environments have been reported 
from northern Finland: 16.4 ka from Lake Som-
piojärvi, Sodankylä (Jungner, 1979); two dates 
of 13.3. ka and 12.4 ka from a sediment core 
from Pieni Kankaanlampi, Kemijärvi; 12.4 ka 
(Heikkinen et al., 1974) and 12.9 ka (Nydahl et 
al., 1972) from Parvavuoma, Kittilä; and 11.9 
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ka from Lompolojärvi, Pello (Jungner & Son-
ninen, 1983). Deglaciation of the SIS was rapid 
during the Bølling–Allerød warm period, which 
is demonstrated by the rapid retreat of the SIS 
southern margin (e.g. Hughes et al., 2016). The 
abundance of suggested dates for pre-Holocene 
ice-free conditions in Finnish Lapland implies 
that the melting of the SIS might also have been 
notable in the northern part of the SIS. If the 
dates are reliable, this suggests that the SIS did 
not prevail as a uniform ice sheet in the northern 
part of the SIS during the Bølling–Allerød warm 
period, but rather as scattered local glaciers with 
only modest thicknesses.
6. Conclusions
This study presents the 3D geological model 
(GM2020) from Sodankylä, Northern Finland, 
that was constructed by combining all existing 
observations with new drilling data, targeted 
GPR soundings and LiDAR-DEM imageries. 
• According to the GM2020, fractured and in-
Figure 14. Geological cross-section through Pahanlaaksonmaa and Sahankangas. See location in Fig. 10H. The 
thickness of the fractured bedrock is tentative. See text for further details.
situ weathered bedrock is common in the 
study area and typically exceeds 20 metres 
in thickness. The average thickness of Qua-
ternary deposits is 8 metres. The most ex-
tensive till unit is the “lower till” represent-
ing an early Weichselian glaciation while the 
Middle Weichselian till unit has a relatively 
poor lateral and vertical continuity. The up-
permost, Late Weichselian till, is patchy and 
mainly present in topographic highs.
• In areas with complex sedimentation succes-
sion as presented in this study, the input data 
has a major effect on the structure and rep-
resentativeness of model. The reliability of 
the model decreases with depth due to the 
distribution and types of drilling data and at-
tenuation of GPR signal. The GPR sound-
ings were unable to detect thin till units that 
were, however, detectable in the outcrops. 
Based on the observations from the sedimentary 
successions combined with observations from 
the drill cores and GPR sounding it is possible to 
clarify the Weichselian glacial history and sedi-














































• The sediment succession indicates that the 
SIS overran the study area at least on three 
separate occasions during the Weichselian 
Stage; namely during Early Weichselian 
(MIS 5b), Middle Weichselian (MIS 4), and 
the Late Weichselian (MIS 2). Interstadial 
sediments found in the sediment sequence 
date back to the Early Weichselain Odderade 
interstadial (MIS 5a) and to one of the Mid-
dle Weichselian (MIS 3) ice-free interstadi-
als. The bedrock depression and prolonged 
cold basal conditions of the SIS have en-
abled the preservation of thick sedimentary 
successions (>10 m) of tills and interbedded 
sorted deposits. 
• The Early Weichselian till unit is the most 
widespread and laterally continuous till unit 
in the area. The Middle Weichselian till in 
the study area has a thin and sporadic occur-
rence. Middle Weichselian (MIS 4) glacier 
flow from the N/NNE was detected. The OSL 
age determination suggests ice-free areas in 
the vicinity of the River Kitinen during the 
Bølling–Allerod warm period, resulting from 
a patchy ice cover or rapid deglaciation.
The examination of the Weichselian ice-flow 
directions was implemented in three areas (the 
Salla and Kittilä lobes and Sodankylä interlo-
bate complex) based on the analysis of digital 
elevation model (DEM) and a geological map-
ping dataset.
• Flow direction analysis suggests a northern 
location for the ice-divide zone during the 
Early/Middle Weichselian, and a more W/
SW position for the Late Weichselian.
• A distinct NNW orientation of the lineations 
is visible both in Kittilä and in Salla, whereas 
in the Sodankylä area, the streamlined fea-
tures show a more diverse pattern. 
• The current topography reflects pre Late 
Weichselian glacial flow directions rather 
than those of the Late Weichselian
The results obtained in this study indicate that 
groundwater flow modeling should be based on 
a solid 3D understanding of the geological fea-
tures of the modeled area, especially in hydro-
stratigraphically heterogenic environments.
• Complex geological 3D models are essential 
for groundwater flow modelling if complex 
recharge and discharge patterns are observed 
or if high variation of hydraulic conductiv-
ity is present. Complex hydrostratigaphi-
cal models generated more complicated re-
charge and discharge patterns, whereas in 
simple models, the modelled groundwater 
flow was more horizontal.
• Interlayered low conductivity units should be 
taken into account in 3D hydrostratigraphical 
models since they refract flow lines affecting 
to the locations of groundwater recharge and 
discharge areas.
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